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METHOD OF USING SCATTEROMETRY MEASUREMENTS TO 
CONTROL STEPPER PROCESS PARAMETERS 

BACKGROUND OF THE INVENTION 

1. FIELD OF THE INVENTION 

This invention relates generally to semiconductor fabrication technology, and, more 
particularly, to a method of using scatterometry measurements to control stepper process 
parameters, and a system for accomplishing same. 

2. DESCRIPTION OF THE RELATED ART 

There is a constant drive within the semiconductor industry to increase the operating 
speed of integrated circuit devices, e.g., microprocessors, memory devices, and the like. This 
drive is fueled by consumer demands for computers and electronic devices that operate at 
increasingly greater speeds. This demand for increased speed has resulted in a continual 
reduction in the size of semiconductor devices, e.g., transistors. That is, many components of 
a typical field effect transistor (FET), e.g., channel length, junction depths, gate insulation 
thickness, and the like, are reduced. For example, all other things being equal, the smaller the 
channel length of the transistor, the faster the transistor will operate. Thus, there is a constant 
drive to reduce the size, or scale, of the components of a typical transistor to increase the 
overall speed of the transistor, as well as integrated circuit devices incorporating such tran- 
sistors. 

By way of background, an illustrative field effect transistor 10, as shown in Figure 1, 
may be formed above a surface 15 of a semiconducting substrate or wafer 11 comprised of 
doped-silicon. The substrate 1 1 may be doped with either N-type or P-type dopant materials. 
The transistor 10 may have a doped polycrystalline silicon (polysilicon) gate electrode 14 
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formed above a gate insulation layer 16. The gate electrode 14 and the gate insulation layer 
16 may be separated from doped source/drain regions 22 of the transistor 10 by a dielectric 
sidewall spacer 20. The source/drain regions 22 for the transistor 10 may be formed by 
performing one or more ion implantation processes to introduce dopant atoms, e.g., arsenic or 
phosphorous for NMOS devices, boron for PMOS devices, into the substrate 11. Shallow 
trench isolation regions 18 may be provided to isolate the transistor 10 electrically from 
neighboring semiconductor devices, such as other transistors (not shown). 

The gate electrode 14 has a critical dimension 12, i.e., the width of the gate electrode 
14, that approximately corresponds to the channel length 13 of the device when the transistor 
10 is operational. Of course, the critical dimension 12 of the gate electrode 14 is but one 
example of a feature that must be formed very accurately in modern semiconductor manu- 
facturing operations. Other examples include, but are not limited to, conductive lines, 
openings in insulating layers to allow subsequent formation of a conductive interconnection, 
i.e., a conductive line or contact, therein, etc. 

In the process of forming integrated circuit devices, millions of transistors, such as the 
illustrative transistor 10 depicted in Figure 1, are formed above a semiconducting substrate. 
In general, semiconductor manufacturing operations involve, among other things, the forma- 
tion of layers of various materials, e.g., polysilicon, insulating materials, etc., and the selec- 
tive removal of portions of those layers by performing known photolithographic and etching 
techniques. These processes are continued until such time as the integrated circuit device is 
complete. Additionally, although not depicted in Figure 1, a typical integrated circuit device 
is comprised of a plurality of conductive interconnections, such as conductive lines and 
conductive contacts or vias, positioned in multiple layers of insulating material formed above 
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the substrate. These conductive interconnections allow electrical signals to propagate 
between the transistors formed above the substrate. 



During the course of fabricating such integrated circuit devices, a variety of features, 
5 e.g., gate electrodes, conductive lines, openings in layers of insulating material, etc., are 

formed to very precisely controlled dimensions. Such dimensions are sometimes referred to 
as the critical dimension (CD) of the feature. It is very important in modern semiconductor 
processing that features be formed as accurately as possible due to the reduced size of those 
features in such modern devices. For example, gate electrodes may now be patterned to a 

) U w idth 12 that is approximately 0.2 urn (2000 A), and further reductions are planned in the 

D 

1 future. As stated previously, the width 12 of the gate electrode 14 corresponds approximately 

m to the channel length 13 of the transistor 10 when it is operational. Thus, even slight varia- 

= tions in the actual dimension of the feature as fabricated may adversely affect device 

Sj performance. Thus, there is a great desire for a method that may be used to accurately, 

> % reliably and repeatedly form features to their desired critical dimension, i.e., to form the gate 

* electrode 14 to its desired critical dimension 12. 



Photolithography is a process typically employed in semiconductor manufacturing. 
Photolithography generally involves forming a patterned layer of photoresist above one or 
more layers of material that are desired to be patterned, and using the patterned photoresist 
layer as a mask in subsequent etching processes. In general, in photolithography operations, 
the pattern desired to be formed in the underlying layer or layers of material is initially 
formed on a reticle. Thereafter, using an appropriate stepper tool and known photolitho- 
graphic techniques, the image on the reticle is transferred to the layer of photoresist. Then, 
the layer of photoresist is developed so as to leave in place a patterned layer of photoresist 
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substantially corresponding to the pattern on the reticle. This patterned layer of photoresist is 
then used as a mask in subsequent etching processes, wet or dry, performed on the underlying 
layer or layers of material, e.g., a layer of polysilicon, metal or insulating material, to transfer 
the desired pattern to the underlying layer. The patterned layer of photoresist is comprised of 
5 a plurality of features, e.g., line-type features or opening-type features, that are to be repli- 

cated in an underlying process layer. The features in the patterned layer of photoresist also 
have a critical dimension, sometimes referred to as a develop inspect critical dimension 
(DICD). 

10 JS Figures 2 and 3 depict an illustrative embodiment of a wafer 1 1 that may be subjected 

Ifi to an exposure process in a stepper tool. In general, the stepper exposure process is 
tc, performed on a stack comprised of one or more process layers or films and a layer of 
* photoresist. For example, as shown in Figure 2, such a stack may be comprised of a layer of 
t polysilicon 36, formed above the substrate 11, and a layer of photoresist 38. Alternatively, an 
15 anti-reflective coating (ARC) layer (not shown) may be positioned above the layer of 

polysilicon 36 and below the layer of photoresist 38. Of course, such film stacks may be 
comprised of a vast variety of combinations of process layers and materials. 

As shown in Figure 3, a plurality of die 42 are formed above the wafer 1 1 . The die 42 
20 define the area of the wafer 1 1 where production integrated circuit devices, e.g., microproces- 

sors, ASIC, memory devices, will be formed. The size, shape and number of die 42 per wafer 
1 1 depend upon the type of device under construction. For example, several hundred die 42 
may be formed above an 8-inch diameter wafer 11. The wafer 11 may also have an align- 
ment notch 17 that is used to provide relatively rough alignment of the wafer 11 prior to 
25 performing certain processes, e.g., an exposure process in a stepper tool. 
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As shown in Figure 2, the stepper tool contains a representative light source 47 that is 
used to project light through a reticle (not shown) onto a layer of photoresist 38. Ultimately, 
the image in the reticle will be transferred to the layer of photoresist 38, and the underlying 
5 process layer 36 will be patterned using the patterned layer of photoresist 38 as a mask during 

one or more subsequent etching processes. 

The exposure process performed on the wafer 1 1 is typically performed on a flash-by- 
flash basis as the wafer 1 1 is moved, or stepped, relative to the light source 47. During each 
100 step, the light source 47 projects light onto a given area of the wafer 11, i.e., each flash is 
projected onto an exposure field 41. The size of the exposure field 41, as well as the number 
of die 42 within each exposure field 41, may vary greatly. For example, an illustrative 
exposure field 41 is depicted in Figure 3 wherein four of the die 42 fall within the exposure 
field 41, i.e., a so-called 2x2 pattern. However, the number of die 42 and size of the 
exposure field 41 may vary. For example, integrated circuits may be exposed using a 1 x 2 
pattern (covering 2 die), a 5 x 5 pattern (covering 25 die), etc. The precise pattern of the 
exposure field 41 may be based upon the product under construction as well as the desires 
and judgment of the appropriate process engineer. 

One parameter of the stepper exposure process that is of critical importance is the 
location of the focal plane of the stepper, hi general, the focal plane of the stepper is the 
point where the image plane and the object plane coincide. The location of the focal plane 
may vary based upon a variety of factors, e.g., the type of photoresist material used, the 
composition of the underlying process layers, the thickness of the layer of photoresist, etc. 
Ideally, the focal plane will be located at a position that produces acceptable DICD dimen- 
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sions and profiles in the layer of photoresist 38. In the illustrative example depicted in Figure 
2, the focal plane of the stepper tool is located at the approximate middle of the layer of 
photoresist 38, as indicated by the lines 39. The focal plane may be located at the line 39 
within the layer of photoresist 38, as indicated in Figure 2, or it may be located at another 
point, i.e., at the surface 43 of the layer of photoresist 38. The location of the focal plane may 
vary greatly based upon a number of features, such as the type and thickness of the layer of 
photoresist 38, as well as the composition and thickness of the underlying process layers. 

Due to a variety of reasons, the thickness of the layer of photoresist 38, as well as the 
position of its surface 43 relative to the light source 47, may vary across the wafer 1 1 and 
among the various exposure fields 41. As a result, the ideal location of the focal plane for the 
stepper exposure process may vary among the exposure fields 41. For example, the layer of 
photoresist 38 within a particular exposure field 41 may be thinner than anticipated. As a 
result, the focal plane of the stepper may be positioned above the ideal location, thereby 
producing features in the layer of photoresist 38 in that exposure field 41 with rounded 
corners of a magnitude that are unacceptable. In turn, this may result in distortion of the 
features in the underlying process layer 36. 

Normally, it is desirable that the surface 43 of the layer of photoresist 38 will be 
positioned approximately perpendicular to the incident light from the light source 47 during 
the exposure process. This is desired to reduce the magnitude of diffracted light from the 
light source. However, for a variety of reasons, the surface 43 of the layer of photoresist 38 
may be tilted in one or more directions as indicated by the dashed line 43 A and the angle 44. 
Accordingly, most modern stepper tools are provided with means for compensating for the 
tilt in the layer of photoresist 38, e.g., by adjusting the tilt of the reticle (not shown) and/or 
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the tilt of the wafer 11, such that the approximately perpendicular relationship is maintained 
between the tilted surface 43 of the layer of photoresist 38 and the light from the light source 
47. Variations in the tilt of the surface 43 of the layer of photoresist 38 may occur for a 
number of reasons, e.g., underlying topography, excessive spinning during the process of 
forming the layer of photoresist 38, variations in the temperature of the photoresist, variations 
in cool plate or oven temperatures, etc. Moreover, such tilt variations may be different in 
different exposure fields 41 of the wafer 1 1 . 

Variations that may occur during stepper exposure processes, such as variations in the 
location of the focal plane and the tilt of the surface 43 of the layer of photoresist 38, may 
result in the features formed in the patterned layer of photoresist 38 having undesirable 
characteristics. For example, if a layer of photoresist 38 is exposed with the focal plane 
located above the desired location of the focal plane, the features formed in the patterned 
layer of photoresist 38 will have rounded corners on top of the photoresist. As a result, 
features formed in the underlying process layer will exhibit similar characteristics. On the 
other hand, if the layer of photoresist 38 is exposed using a focal plane that is located below 
the desired location of the focal plane, the features in the underlying process layer 36 will 
tend to exhibit undercutting. Performing the exposure process in exposure fields 41 wherein 
the surface 43 of the layer of photoresist 38 is not substantially perpendicular to the light 
generated by the stepper tool, results in similar problems. 

In turn, such problems may lead to excessive rework of the patterned layer of 
photoresist 38, i.e., the incorrectly formed layer of photoresist 38 may have to be removed, 
and the process may have to be repeated. Even worse, if undetected, the variations in the 
patterned layer of photoresist 38 resulting from variations in the tilt angle and/or location of 
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the focal plane of the exposure process may ultimately lead to the formation of features, e.g., 
gate electrodes, having dimensions that are not acceptable for the particular integrated circuit 
device under construction. For example, transistors may be produced with gate electrodes 
that are too wide (relative to a pre-established target value), thereby producing transistor 
devices that operate at less than desirable switching speeds. All of these problems result in 
delays, waste, excessive costs and cause reduced yields of the manufacturing operations. 

The present invention is directed to a method and system that may solve, or at least 
reduce, some or all of the aforementioned problems. 

SUMMARY OF THE INVENTION 

The present invention is generally directed to a method of using scatterometry 
measurements to control stepper process parameters. In one illustrative embodiment, the 
method comprises providing a library of optical characteristic traces, each of which 
corresponds to a grating structure comprised of a plurality of features having a known profile, 
forming a plurality of grating structures in a layer of photoresist, each of the formed grating 
structures being comprised of a plurality of features having an unknown profile, and 
illuminating the formed grating structures. The method further comprises measuring light 
reflected off of each of the plurality of formed grating structures to generate an optical 
characteristic trace for each of the formed grating structures, comparing each of the generated 
optical characteristic traces to at least one optical characteristic trace from the library, and 
modifying at least one parameter of a stepper exposure process to be performed on at least 
one subsequently processed wafer based upon the comparison of the generated optical 
characteristic traces and the at least one optical characteristic trace from the library. 
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In another illustrative embodiment, the method comprises providing a wafer having at 
least one process layer and a layer of photoresist formed thereabove, forming a plurality of 
grating structures in the layer of photoresist, illuminating the grating structures, and 
measuring light reflected off of the grating structures to generate an optical characteristic 
trace for each of the grating structures. The method further comprises comparing the 
generated optical characteristic traces to a target optical characteristic trace, and determining, 
based upon a comparison of the generated optical characteristic traces and the target optical 
characteristic trace, at least one parameter of an exposure process to be performed on a layer 
of photoresist formed on a subsequently processed wafer. In other embodiments of the 
invention, at least three, at least five, or at least nine of the grating structures are formed in a 
layer of photoresist. In yet another embodiment, the invention comprises modifying at least 
one parameter of a stepper exposure process to be performed on a subsequently processed 
wafer based upon a deviation between the generated optical characteristic trace and the target 
optical characteristic trace. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The invention may be understood by reference to the following description taken in 
conjunction with the accompanying drawings, in which like reference numerals identify like 
elements, and in which: 

Figure 1 is a cross-sectional view of an illustrative prior art transistor; 

Figure 2 is a cross-sectional view depicting an illustrative prior art wafer having a 
process layer and a layer of photoresist formed thereabove; 
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Figure 3 is a plan view of an illustrative prior art wafer having a plurality of die 
formed thereabove; 

Figures 4A-C depict illustrative embodiments of the present invention wherein 
multiple grating structures are formed in a layer of photoresist; 

Figures 5A-B depict an illustrative grating structure that may be used with the present 
invention; and 

Figure 6 depicts an illustrative embodiment of a system in accordance with one 
embodiment of the present invention. 

While the invention is susceptible to various modifications and alternative forms, 
specific embodiments thereof have been shown by way of example in the drawings and are 
herein described in detail. It should be understood, however, that the description herein of 
specific embodiments is not intended to limit the invention to the particular forms disclosed, 
but on the contrary, the intention is to cover all modifications, equivalents, and alternatives 
falling within the spirit and scope of the invention as defined by the appended claims. 

DETAILED DESCRIPTION OF THE INVENTION 

Illustrative embodiments of the invention are described below. In the interest of 
clarity, not all features of an actual implementation are described in this specification. It will 
of course be appreciated that in the development of any such actual embodiment, numerous 
implementation-specific decisions must be made to achieve the developers' specific goals, 
such as compliance with system-related and business-related constraints, which will vary 
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from one implementation to another. Moreover, it will be appreciated that such a develop- 
ment effort might be complex and time-consuming, but would nevertheless be a routine 
undertaking for those of ordinary skill in the art having the benefit of this disclosure. 

The present invention will now be described with reference to the attached figures. 
Although the various regions and structures of a semiconductor device are depicted in the 
drawings as having very precise, sharp configurations and profiles, those skilled in the art 
recognize that, in reality, these regions and structures are not as precise as indicated in the 
drawings. Additionally, the relative sizes of the various features and doped regions depicted 
in the drawings may be exaggerated or reduced as compared to the size of those features or 
regions on fabricated devices. Nevertheless, the attached drawings are included to describe 
and explain illustrative examples of the present invention. 

In general, the present invention is directed to a method of using scatterometry 
measurements to control stepper process parameters, and a system for accomplishing same. 
As will be readily apparent to those skilled in the art upon a complete reading of the present 
application, the present method is applicable to a variety of technologies, e.g., NMOS, 
PMOS, CMOS, etc., and it is readily applicable to a variety of devices, including, but not 
limited to, logic devices, memory devices, etc. 

Semiconductor manufacturing generally involves multiple processes whereby 
multiple layers of material are formed above a semiconducting substrate, and portions of 
those layers are selectively removed until such time as a completed device is formed. In 
general, photolithography involves the process of forming a layer of photoresist material 
above one or more process layers in which a feature, e.g., a metal line, a gate electrode, an 
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opening in a layer of insulating material, will be formed. Thereafter, a pattern that is desired 
to be transferred into the underlying process layer or layers will be formed in the layer of 
photoresist material. Then, using one or more etching processes, the underlying process layer 
is etched using the patterned layer of photoresist as a mask, thereby resulting in a patterned 
process layer that replicates the pattern formed in the layer of photoresist. 

More particularly, the photolithography process generally involves the steps of: 
(1) applying a layer of photoresist above a wafer, typically accomplished by a spin-coating 
process; (2) pre-baking (or soft-baking) the layer of photoresist at a temperature of approxi- 
mately 90-120°C to reduce the level of solvents in the layer of photoresist and to improve the 
adhesion characteristics of the photoresist, (3) performing an exposure process, wherein a 
pattern is projected onto the layer of photoresist through a reticle used in a stepper tool to 
create a latent image in the layer of photoresist; (4) performing a post-exposure bake on the 
layer of photoresist at a temperature approximately 5-1 5°C higher than the pre-bake process; 
(5) performing a develop process to turn the latent image in the layer of photoresist into the 
final resist image; and (6) performing a post-bake process (or hard-bake) at a temperature of 
approximately 125-160°C to remove residual solids, improve adhesion, and to increase the 
etch resistance of the photoresist. These process steps are well known to those skilled in the 
art and, thus, will not be described herein in any greater detail. 

Some aspects of the present invention will now be described with reference to Figures 
4A-C and 5A-B. hi general, the present invention involves the formation of a plurality of 
grating structures 60 in a layer of photoresist 38 within an exposure field 41 defined by a 
stepper exposure process, and, based upon scatterometric measurements of those grating 
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structures 60, determining one or more parameters of a stepper exposure process to be 
performed on one or more subsequently processed wafers. 

Figure 4 A depicts an illustrative exposure field 41 of a stepper exposure process used 
5 to expose a layer of photoresist 38. The particular exposure field 41 depicted in Figure 4 A is 

defined by a bottom edge 50, a top edge 51, side edges 52 and four corners 61A-D. The 
depicted exposure field 41 encompasses four die 42 (indicated by dashed lines) formed above 
the wafer 11. Of course, the size and shape of the exposure field 41 may be varied as a 
matter of design choice. Also shown in Figure 4A are a plurality of grating structures 60 that 
10 2 will be formed in the layer of photoresist 38. The grating structures 60 may be formed at the 
s " "=> same time features are being formed in the layer of photoresist 38 that will ultimately be used 
03 to define various features in the underlying process layer 36 in the area defined by the 
s underlying die 42. Ultimately, these grating structures 60 will be measured using 
t? scatterometric techniques, and these measurements will be used to determine, confirm and/or 

Q 

15 IS, control one or more parameters of a stepper exposure process. Normally, these grating 
structures 60 will be formed in the layer of photoresist 38 above the space between the die 42, 
i.e., in the area defined by so-called scribe lines. The size of the scribe lines relative to the 
size of the die 42 in the attached figures is exaggerated for purposes of clarity. Alternatively, 
assuming there is available plot space, the grating structures 60 may be formed in the area 

20 defined by one or more of the die 42. 

As will be recognized by those skilled in the art after a complete reading of the 
present application, the size, shape, location and configuration of the grating structures 60 
formed in the layer of photoresist 38 may be varied as a matter of design choice. For 
25 example, in the embodiment depicted in Figure 4A, only three grating structures 60 are 
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formed in the layer of photoresist 38. Two of the grating structures 60 are positioned 
adjacent the bottom corners 61 A, 61B of the exposure field 41, and one of the grating 
structures 60 is positioned adjacent the approximate middle of the top edge 51 of the 
exposure field 41. 

Figures 4B and 4C depict other illustrative embodiments of the present invention 
wherein a plurality of grating structures 60 are positioned at various locations within the 
exposure field 41. For example, in Figure 4B, five grating structures 60 are formed in the 
exposure field 41. That is, a grating structure 60 is positioned adjacent each corner (61A-D) 
of the exposure field 41, and another grating structure 60 is positioned in the approximate 
middle of the exposure field 41. In Figure 4C, nine of the grating structures 60 are formed in 
the layer of photoresist 38 within the exposure field 41. hi this embodiment, three of the 
grating structures 60 are positioned proximate each of the top edge 51, the bottom edge 50, 
and each of the side edges 52, and one grating structure 60 is positioned in the approximate 
middle of the exposure field 41. That is, in the embodiment depicted in Figure 4C, a plurality 
of the grating structures 60 are positioned around the perimeter of the exposure field 41, and 
one of the grating structures 60 is positioned in the approximate middle of the exposure field 
41. Of course, as will be recognized by those skilled in the art after a complete reading of the 
present application, the number and arrangement of the grating structures 60 within the 
exposure field 41 may be varied as a matter of design choice. 

The size, shape, configuration and type of grating structure 60 may be varied as a 
matter of design choice. For example, the grating structure 60 may be comprised of multiple 
lines or trenches formed in the layer of photoresist 38. One such illustrative grating structure 
60, depicted in Figures 5A-B, is comprised of a plurality of trenches 40 formed in the layer of 
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photoresist 38. The trenches 40 comprising the grating structure 60 have a depth 65 and 
sidewalls 62 disposed at an angle 63 (relative to a line normal to the surface 43 of the layer of 
photoresist 38). The depth 65, the sidewall angle 63, and the spacing or pitch 64 between the 
trenches 40 may be varied as a matter of design choice. For example, the grating structure 60 
may be formed in regions having approximate dimensions of 100 nm x 120 nm, and it may 
be comprised of approximately 300-400 trenches 40 (depending upon the selected pitch). 
Normally, the depth 65 of the trenches 40 will correspond to the thickness of the layer of 
photoresist 38. The sidewall angle 63 of the trenches 40 may vary from approximately 70- 
1 10 degrees, and, in some cases, from 85-90 degrees in normal production. 

An illustrative system 70 that may be used in one embodiment of the present inven- 
tion is shown in Figure 6. The system 70 is comprised of a scatterometry tool 74, a stepper 
tool 76, and a controller 78. As indicated in Figure 6, the wafer 71 is representative of one or 
more wafers having a film stack 77 comprised of at least one process layer and a layer of 
photoresist 38 formed thereabove, that have previously been processed in the stepper tool 76. 
The layer of photoresist 38 on the wafer 71 was subjected to an exposure process in the 
stepper tool 76 to transfer the features defined in the reticle (not shown) to the layer of 
photoresist 38. During this process, the grating structures 60 were defined in the layer of 
photoresist 38, as were many other features that will be used to ultimately form correspond- 
ing features in the underlying process layer 36. Thereafter, a post-exposure bake process may 
be performed on the layer of photoresist 38. Ultimately, the layer of photoresist 38 will be 
subjected to a development process whereby soluble portions of the layer of photoresist 38 
will be removed. This will result in the definition of a patterned layer of photoresist 38 that 
reflects the pattern in the reticle used during the exposure process. This patterned layer of 
photoresist 38 will be used in patterning the underlying process layer by performing one or 
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more known etching processes. The layer of photoresist 38 may be formed in the "track" 
portion of a typical photolithography module by performing a spin-coating process. Prior to 
being subjected to an exposure process in the stepper tool 76, the layer of photoresist 38 will 
normally be subjected to a soft-bake process to drive off excessive solvents in the layer of 
photoresist 38. 

A variety of scatterometry tools 74 may be used with the present invention, e.g., so- 
called 20-type systems and lens-type scatterometry tools. The scatterometry tool 74 may use 
white light, or some other wavelength or combination of wavelengths, depending on the 
specific implementation. Typically, the scatterometry tool 74 will generate an incident beam 
that has a wide spectral composition and wherein the intensity of the light changes slowly in 
comparison to changes in wavelength. The angle of incidence of the light may also vary, 
depending on the specific implementation. The profile traces generated by the scatterometry 
tool 74 may be based upon a comparison of light intensity to wavelength (for white light, 
fixed angle type scatterometry tools) or a comparison of intensity to incident angle (for angle 
resolved systems that use a single light source). 

The grating structures 60 may be positioned at various locations relative to the focal 
plane of the stepper exposure process. That is, the grating structures 60 may be formed 
during an exposure process wherein the focal plane is located at the ideal location of the focal 
plane (where photoresist features having acceptable DICD dimensions are formed), or it may 
be located either above or below this ideal location. Moreover, the tilt of the layer of 
photoresist 38 may also produce variations in the characteristics of the features comprising 
the grating structure 60. 
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As a result, the features in the layer of photoresist 38 that comprise the grating 
structure 60 will have varying characteristics or profiles, e.g., critical dimensions will be 
wider than anticipated, corners of features will be rounded, etc. The changes in the 
characteristics or profile of the grating structure 60 will cause a significant change in the 
optical characteristic trace for the grating structure 60. Thus, using Maxwell's equations, a 
unique optical characteristic trace may be calculated for each anticipated variation in the 
profile of a grating structure 60 that may be produced as a result of variations in the proper 
location of the focal plane and/or the tilt of the layer of photoresist 38. A library may be 
created for the optical characteristic traces corresponding to each such variation. The 
calculated optical characteristic traces for the grating structure 60 may be correlated to any 
desired feature of the grating structure 60, e.g., the depth 65 of the trenches 40, the sidewall 
angle 63, etc., that may reflect the final profile of the photoresist features, e.g., lines or 
trenches, comprising the grating structure 60. 

The present invention may be employed to compare or match a measured or generated 
optical characteristic trace for a grating structure 60 formed in a layer of photoresist 38 to the 
library of such optical characteristic traces, each of which corresponds to a particular 
anticipated variation in the grating structure 60. That is, in this embodiment, the present 
invention involves using a scatterometry tool 74 to measure or generate an optical 
characteristic trace for one or more grating structures 60 formed in the layer of photoresist 38 
within the exposure field 41. Thereafter, the scatterometry tool 74 (or another controller 
somewhere within the manufacturing operation, e.g., controller 78) then compares or matches 
the measured optical characteristic trace to one of the traces stored in the library. As a result 
of this match, the scatterometry tool 74 (or other controller) may provide output data 
indicating a variety of characteristics of the features comprising the grating structure 60. For 
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example, the scatterometry tool 74 may provide output data indicating the degree of corner 
rounding of the photoresist features, or the critical dimension of such features. 



By taking measurements of each of the grating structures 60 within the exposure field 
5 41, the present invention may be used to determine if the exposure process is producing 

features in the layer of photoresist 38 that are unacceptable, e.g., producing photoresist 
features with rounded corners, producing undercut features in the underlying process layer 
36, etc. Moreover, based upon the optical characteristic of the grating structures 60, the 
exposure process to be performed by the stepper tool on subsequently process wafers may be 
10W controlled or modified so as to produce photoresist features having acceptable DICD 

fp; dimensions and profiles. 

y i 

m 

m 

For example, in the illustrative embodiment depicted in Figure 4A, if the measured 
H 5 optical characteristic traces for the grating structures 60 at the bottom corners 61 A 6 IB of 

y 

15g the exposure field 41 indicate that the grating structures 60 were exposed when the focal 
plane was positioned above the targeted location of the focal plane, i.e., line 39 in Figure 2, 
the layer of photoresist 38 within the exposure field 41 tilts in a direction indicated by the 
arrow 45 shown in Figure 4A. The magnitude of this tilt may also be determined based upon 
the matched or correlated trace from the library of optical characteristic traces for the grating 

20 structures 60. Moreover, analysis of the matched traces for the grating structures 60 at the 

bottom edge 50 of the exposure field 41 may indicate that the photoresist layer 38 within the 
exposure field 41 tilts in two directions. For example, matched traces may indicate that the 
grating structure 60 at the lower right corner 61B of the exposure field 41 may be lower than 
the grating structure 60 at the top edge 51 of the exposure field 41, and the grating structure 
25 60 at the lower left corner 6 1 A may be lower than the grating structure 60 on the right corner 
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61B. In this illustrative example, the layer of photoresist 38 within the exposure field 41 
would tilt toward the bottom edge 50 of the exposure field 41 and toward the lower left 
corner 61 A of the exposure field 41. The embodiments depicted in Figures 4B-C depict 
further refinements of the present invention wherein more grating structures 60 are applied 
within a given exposure field 41. As another example, the metrology data obtained by the 
scatterometry tool 74 may indicate that the surface 43 of the layer of photoresist 38 is 
positioned approximately normal to the incident light from the light source 47 of the stepper 
tool 74. However, the metrology data may also indicate that the layer of photoresist 38 was 
exposed when the focal plane was at some location, e.g., lower, than the targeted location of 
the focal plane. 

Based upon a comparison of the measured or generated optical characteristic trace for 
a grating structure 60 formed in the layer of photoresist and an optical characteristic trace 
from the library, the controller 78 may determine or modify one or more parameters of an 
exposure process to be performed in the stepper tool 76 on a subsequently processed wafer. 
For example, the matching of the measured optical characteristic trace with one of the traces 
from the library may lead to the conclusion that the measured grating structure 60 is 
comprised of photoresist features having rounded corners of an unacceptable magnitude or 
degree. As a result, the controller 78 may modify one or more parameters of the stepper 
exposure process to be performed on subsequently processed wafers. For example, the 
subsequently processed wafers may be positioned closer to the light source of the stepper tool 
76. In short, the controller 78 may analyze the scatterometry metrology data to determine 
how well the exposure process is performing in terms of producing photoresist features 
having desired DICD measurements and profiles. Moreover, if necessary, the controller 78 
may modify one or more parameters of the exposure process, e.g., tilt, positioning of the 
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wafer relative to a focal plane of the exposure process, etc., to compensate for the 
unacceptable variations in photoresist features. 



In another embodiment, the present invention may be used to compare a measured 
5 optical characteristic trace of a grating structure 60 formed in the layer of photoresist to a 

target optical characteristic trace. The target trace may be calculated (using Maxwell's 
equations) for a grating structure 60 that corresponds to the production of photoresist features 
with acceptable DICD measurements and profiles. This target optical characteristic trace 
may be stored in the aforementioned library along with one or more additional traces, such as 
10 y those described above. Based upon a comparison of the measured trace and the target trace, a 
J relatively rough approximation of the quality of the process performed may be determined. 
m That is, by comparing the measured trace to the target trace, it may be determined if the 
< process is producing photoresist features having a profile sufficiently close to the ideal or 
acceptable profile such that further matching of the measured trace with an additional trace 
15 p! fr° m tn e library is unwarranted. Using this technique, an initial determination may be made 
as to the acceptability of the process. Of course, this step may be performed in addition to the 
matching or correlating of a measured trace to a trace from the library as described above. 

Moreover, based upon a comparison of the measured optical characteristic trace for 
20 the grating structure 60 and the target optical characteristic trace, the controller 78 may 

modify one or more parameters of the stepper exposure process on subsequently processed 
wafers 11. For example, if a comparison of the measured or generated trace with the target 
trace indicates that there is little or no deviation from the target optical characteristic trace for 
each of the structures 60, the controller 78 may then determine (or confirm) that the same 
25 exposure process may be performed on subsequently processed wafers. Alternatively, if the 
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analysis indicates that there is a deviation between the target optical characteristic traces for 
the grating structures 60 and the measured optical characteristic traces for the grating 
structures 60, the controller 78 may then analyze the metrology data and modify one or more 
parameters of the exposure process, e.g., tilt, location of the focal plane, to compensate for 
5 the variation indicated by the optical metrology. For example, if the metrology data indicates 

that the layer of photoresist 38 was exposed with the focal plane located above the targeted 
focal plane, subsequently processed wafers may be raised such that the location of the focal 
plane of the exposure process performed on the subsequently processed wafers is closer to or 
matches the targeted location of the focal plane. As another example, the metrology data 
10W m ay indicate that the surface 43 of the layer of photoresist 38 is tilted at an angle, and the 
p controller 78 may adjust the tilt of the reticle and/or the tilt of the wafer such that an exposure 
m process performed on a subsequently processed wafer will compensate for the anticipated tilt 
a in the surface 43 of the layer of photoresist 38 on the subsequently processed wafers. 

15 jsj The optical measurements of the grating structures 60 may be performed on any 

desired number of wafers and on any desired number of exposure fields 41 within a wafer. 
For example, such measurements may be performed on all exposure fields 41 on all wafers in 
one or more lots, or on a representative number of wafers in a given lot, and these results may 
then be used to determine or vary one or more parameters, e.g., location of the focal plane, 

20 tilt, etc., of the exposure process performed in the stepper tool 76 on subsequently processed 

wafers. Moreover, the measurements of the gratings 60 may be made after the layer of 
photoresist 38 has been subjected to a post-exposure bake process, or after it has been fully 
developed. 
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Control equations may be employed to adjust the operating recipe of the stepper tool 
76 in situations where the methods described herein indicate that an adjustment is warranted. 
The control equations may be developed empirically using commonly known linear or non- 
linear techniques. The controller 78 may automatically control the operating recipes of the 
stepper tool 76 used to perform an exposure process on the subsequently processed wafers. 
Through use of the present invention, the extent and magnitude of variations in targeted 
DICD dimensions in a patterned layer of photoresist may be reduced. 

In the illustrated embodiments, the controller 78 is a computer programmed with soft- 
ware to implement the functions described herein. Moreover, the functions described for the 
controller 78 may be performed by one or more controllers spread through the system. For 
example, the controller 78 may be a fab level controller that is used to control processing 
operations throughout all or a portion of a semiconductor manufacturing facility. Alterna- 
tively, the controller 78 may be a lower level computer that controls only portions or cells of 
the manufacturing facility. Moreover, the controller 78 may be a stand-alone device, or it 
may reside on the stepper tool 76 or on a photolithography module (not shown). However, as 
will be appreciated by those of ordinary skill in the art, a hardware controller (not shown) 
designed to implement the particular functions may also be used. 

Portions of the invention and corresponding detailed description are presented in 
terms of software, or algorithms and symbolic representations of operations on data bits 
within a computer memory. These descriptions and representations are the ones by which 
those of ordinary skill in the art effectively convey the substance of their work to others of 
ordinary skill in the art. An algorithm, as the term is used here, and as it is used generally, is 
conceived to be a self-consistent sequence of steps leading to a desired result. The steps are 
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those requiring physical manipulations of physical quantities. Usually, though not necessar- 
ily, these quantities take the form of optical, electrical, or magnetic signals capable of being 
stored, transferred, combined, compared, and otherwise manipulated. It has proven conven- 
ient at times, principally for reasons of common usage, to refer to these signals as bits, values, 
5 elements, symbols, characters, terms, numbers, or the like. 

It should be understood, however, that all of these and similar terms are to be associ- 
ated with the appropriate physical quantities and are merely convenient labels applied to 
these quantities. Unless specifically stated otherwise, or as is apparent from the discussion, 
10 j^j terms such as "processing" or "computing" or "calculating" or "determining" or "displaying" 
Hi or the like, refer to the actions and processes of a computer system, or similar electronic 
fjg computing device, that manipulates and transforms data represented as physical, electronic 
p quantities within the computer system's registers and memories into other data similarly 
^ represented as physical quantities within the computer system memories or registers or other 
1 5 w such information storage, transmission or display devices. 

An exemplary software system capable of being adapted to perform the functions of 
the controller 78, as described, is the Catalyst system offered by KLA Tencor, Inc. The 
Catalyst system uses Semiconductor Equipment and Materials International (SEMI) 
20 Computer Integrated Manufacturing (CEVI) Framework compliant system technologies, and is 

based on the Advanced Process Control (APC) Framework. CIM (SEMI E8 1-0699 - 
Provisional Specification for CIM Framework Domain Architecture) and APC (SEMI E93- 
0999 - Provisional Specification for CIM Framework Advanced Process Control Component) 
specifications are publicly available from SEMI. 

25 
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The present invention is generally directed to a method of using scatterometry 
measurements to control stepper process parameters. In one illustrative embodiment, the 
method comprises providing a library of optical characteristic traces, each of which 
corresponds to a grating structure 60 comprised of a plurality of features having a known 
profile, forming a plurality of grating structures 60 in a layer of photoresist 38, each of the 
formed grating structures 60 being comprised of a plurality of features having an unknown 
profile, and illuminating the formed grating structures 60. The method further comprises 
measuring light reflected off of each of the plurality of formed grating structures 60 to 
generate an optical characteristic trace for each of the formed grating structures, comparing 
each of the generated optical characteristic traces to at least one optical characteristic trace 
from the library, and modifying at least one parameter of a stepper exposure process to be 
performed on at least one subsequently processed wafer based upon the comparison of the 
generated optical characteristic traces and the at least one optical characteristic trace from the 
library. 

In another illustrative embodiment, the method comprises providing a wafer 11 
having at least one process layer 36 and a layer of photoresist 38 formed thereabove, forming 
a plurality of grating structures 60 in the layer of photoresist 38, illuminating the formed 
grating structures 60, and measuring light reflected off of the formed grating structures 60 to 
generate an optical characteristic trace for each of the formed grating structures 60. The 
method further comprises comparing the generated optical characteristic traces to a target 
optical characteristic trace, and determining, based upon a comparison of the generated 
optical characteristic traces and the target optical characteristic trace, at least one parameter 
of an exposure process to be performed on a layer of photoresist 38 formed on a subsequently 
processed wafer. In other embodiments of the invention, at least three, at least five or at least 
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nine of the grating structures 60 are formed in a layer of photoresist 38. In yet another 
embodiment, the invention comprises modifying at least one parameter of a stepper exposure 
process to be performed on a subsequently processed wafer based upon a deviation between 
the generated optical characteristic traces and the target optical characteristic trace. 

Through use of the present invention, better process control may be achieved in 
modern integrated circuit manufacturing facilities. Additionally, the present invention may 
enable more precise formation of various features of integrated circuit devices, thereby 
improving device performance and increasing production yields. 

The particular embodiments disclosed above are illustrative only, as the invention 
may be modified and practiced in different but equivalent manners apparent to those skilled 
in the art having the benefit of the teachings herein. For example, the process steps set forth 
above may be performed in a different order. Furthermore, no limitations are intended to the 
details of construction or design herein shown, other than as described in the claims below. It 
is therefore evident that the particular embodiments disclosed above may be altered or modi- 
fied and all such variations are considered within the scope and spirit of the invention. 
Accordingly, the protection sought herein is as set forth in the claims below. 
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